Highly conductive cubic (Y 0.25 
I. INTRODUCTION
Pure bismuth sesquioxide exhibits ␦ phase with fluorite structure at temperatures greater than 723°C. ␦-Bi 2 O 3 exhibits the best oxygen ion conductivity of 1 S/cm at 800°C due to a large amount of oxygen vacancies. ␦-Bi 2 O 3 , however, is only stable at temperatures ranging from 723°C to 823°C. At temperatures below 723°C, the transformation of cubic ␦-phase to monoclinic ␣-phase takes place. Two metastable phases, ␤-Bi 2 O 3 and ␥-Bi 2 O 3 , may also be observed at temperatures below 650°C after fast cooling from ␦-Bi 2 O 3 . 1 The formation of monoclinic ␣ -phase and other metastable phases has been widely investigated in the past. [2] [3] [4] [5] [6] For Bi 2 O 3 to be a useful solid electrolyte, it is necessary to stabilize ␦-phase to lower temperatures. It was found that the addition of 25 mol% yttrium oxide into bismuth oxide does not only stabilize the fluorite structure, but also maintains the high conductivity. 7, 8 Nevertheless, Y 2 O 3 can only kinetically stabilize the fluorite structure. The cubic (Y 0.25 Bi 0.75 ) 2 O 3 slowly transformed into a rhombohedral phase after annealing at 600°C. [9] [10] [11] The rhombohdral structure as also obtained by adding alkaline-earth oxides into Bi 2 O 3 .
12, 13 The rhomohedral (Y 0.25 Bi 0.75 ) 2 O 3 , however, is unstable against moisture. In our preliminary study of (Y 0.25 Bi 0.75 ) 2 O 3 , it was observed that the rhombohedral (Y 0.25 Bi 0.75 ) 2 O 3 samples severely decomposed after being exposed in a humid environment at room temperature. Similar reactions were also found in the alkaline-earth oxide doped Bi 2 O 3 as described by Watanabe et al. 14 The mechanism of these reactions has not been thoroughly investigated. For an oxygen ion conductor to be used as the solid electrolyte for electrochemical devices, its phase stability against moisture at all temperature ranges is extremely important. Therefore, the objective of this work was to investigate the reaction mechanism between moisture and (Y 0.25 Bi 0.75 ) 2 O 3 . With the understanding of these reactions, the degradation of (Y 0.25 Bi 0.75 ) 2 O 3 in humid environment may be prevented. In order to expedite the reaction studies, several (Y 0.25 Bi 0.75 ) 2 O 3 samples were also immersed in water at various temperatures for up to 180 days. Subsequently, the crystal structure, thermal reaction, microstructure, and chemical composition of reacted samples were examined by x-ray diffraction (XRD), differential thermal analysis (DTA), transmission electron microscopy (TEM), scanning electron microscopy (SEM), and energy dispersive spectroscopy (EDS). (99.9% pure) were mixed in 1:3 ratio followed by ball-milling in ethanol for 24 h. After drying, the powder mixture was calcined at 900°C for 20 h. After calcinations, the agglomerates were ground and ball-milled again to obtain homogeneous and fine (Y 0.25 Bi 0.75 ) 2 O 3 powder. Disk-shaped pellets were formed by cold isostatic pressing at 200 MPa. Subsequently, the green pellets were sintered at 950°C for up to 24 h and then furnace-cooled to room temperature.
B. Isothermal annealing
The as-calcined powder and as-sintered samples were annealed at 600°C for various periods of time from 200 to 400 h. Samples were periodically removed from the furnace for characterization. After the requisite characterization, the samples were reintroduced into the furnace for further annealing.
C. Treatment in water-containing environment

Water immersion
The calcined powder, sintered, and annealed samples were placed in a beaker that was then filled with deionized water. Subsequently, the beaker was introduced into an oven in which the temperature was kept constantly at 50°C for up to several hundred hours. After water treatment, water was carefully removed and analyzed using inductively coupled plasma mass-spectrometry (ICP-MS) to determine the concentration of ions which might dissolve in water. XRD, SEM, TEM, and DTA were conducted on the reacted samples for structural analysis and microstructural observation. Some samples were also immersed in water at room temperature for up to several months.
Water-vapor treatment
To conduct the water-vapor treatment, both sintered and annealed (Y 0.25 Bi 0.75 ) 2 O 3 samples were placed in a one-end closed stainless tube that was used as the reaction chamber. The humidification of air was prepared by bubbling the air through a water-filled flask at 70°C. Then, the reaction chamber was flushed with humidified air continuously. Both as-sintered and annealed samples were exposed under the humidified air at 300°C and 500°C for 40 h, respectively.
D. X-ray diffraction
XRD analysis was conducted on the as-sintered, annealed, and water-reacted samples using a Shimadzu x-ray diffraction system (model XD-D1, Kyoto, Japan) with monochromated Cu K ␣1 radiation. The objective of the XRD analysis was to determine the phase present in these samples. The XRD traces were obtained at a scanning rate of 2°/min covering a 2 range from 20°to 60°.
E. Electron microscopy
Both SEM and TEM were used for the microstructure observation in the as-sintered and reacted samples. The chemical composition of reacted samples was analyzed using an energy dispersive spectometer. For TEM analysis, the reacted powder was first homogeneously dispersed in ethanol. A thin layer of carbon film was then evaporated onto a clear glass slide. The carbon film was stripped by inserting the glass slide into water and then picked up on a 200-mesh copper grid. A few drops of powder/ethanol solution were placed on the carbon film supported by the copper grid. After the ethanol was evaporated, fine particles remained on the carbon film and were ready for examination by TEM. Selected area diffraction and EDS were conducted on these particles using TEM (JEOL TEM 3010 and Link eXL-II, Tokyo, Japan). For SEM observation, the surfaces of as-sintered and annealed samples were fine-polished using Al 2 O 3 powders. After the water treatment, the surface of the reacted sample was examined by SEM (PHILIPS XL-40FEG, Eindhoven, The Netherlands). a CaF 2 -type arrangement is an excellent oxygen ion conductor and has a highly defective structure. After longterm annealing, the cubic phase tends to transform into a more compact rhombohedral phase. It is known that there is about 2% volume decrease accompanying the cubicto-rhombohedral phase transformation. To minimize the volume strain energy, a preferred orientation may be seen from the surface of transformed rhombohedral phase. As a result, stronger (211) 15,16 For the transformation of ZrO 2 , the integrated intensity ratio, x m , was defined as
where the subscripts m, t, and c refer to the monoclinic, tetragonal, and cubic phases, respectively. I(hkl) denotes the integrated intensity of the (hkl) reflection from XRD. This intensity ratio has been commonly used to estimate the fraction of the transformed phase.
However, the inequality of the intensities was observed:
The theoretical intensity for the reflection (hkl), R(hkl), is expressed as
where p is the multiplicity factor of the reflection (hkl), (LP) is the Lorentz-polarization factor, F(hkl) the structure factor, and V is the volume of the unit cell. Due to the inequality of intensities, an intensity modifying parameter, P, was defined as
Then, the volume fraction of the monoclinic phase, m , can be estimated by modified integrated peak intensities of (111) peak of the cubic/tetragonal phase and the (111) and (111) peaks of the monoclinic phase 
According to theoretically calculated intensities, P r is 2.17. Thus, the volume fraction of residual cubic phase, c , was estimated from the integrated intensities of XRD traces as follows:
where I(hkl) c and I(hkl) r represent the intensities of the cubic and rhombohedral reflections, respectively. As a result, the volume fraction of the cubic phase gradually decreased from 43.4%, 36.2%, to 27.3% when the powder sample was annealed for 200 h, 300 h, and 400 h.
These results showed a sluggish transformation of the cubic (Y 0.25 Bi 0.75 ) 2 O 3 to the rhombohedral phase. Except for the cubic and rhombohedral phases, there was no third phase present in these XRD patterns. From the work of Fung et al., 11 it was concluded that the cubic→rhombohedral transformation of (Y 0.25 Bi 0.75 ) 2 O 3 is essentially a massive and composition-invariant reaction. The XRD trace of the rhombohedral phase shown here is also consistent with that observed by Bovin et al. 12, 13 from the SrO-Bi 2 O 3 system. This result suggests that the rhombohedral phases observed in Y 2 O 3 -doped and SrO-doped Bi 2 O 3 systems are essentially isostructural.
The XRD results shown in Fig. 1(d) and Fig. 2(d 2 O 3 powders that had been annealed at 600°C for 400 h and showed both cubic and rhombohedral phases. Figure 3 shows XRD traces taken from the waterreacted powders after water treatment at 50°C for various periods of time. Same as Fig. 2(d), Fig. 3(a) shows the XRD trace of annealed powder with rhombohedral phase and cubic phase before water treatment. After water treatment at 50°C for 50 h, the sample showed a decrease in the reflection intensity of the XRD trace [ Fig. 3(b) ]. In addition, the reflections representing the monoclinic ␣-Bi 2 O 3 and Bi 2 O 2 CO 3 appeared. As the reaction time increased to 100 h and 150 h, the intensities of cubic and rhombohedral reflections were further reduced as shown in Figs. 3(c) and 3(d) The extent of water reaction of the annealed samples was also determined by the Q-XRD analysis. For example, the volume fraction, c of the remaining cubic phase by XRD was estimated from the integrated peak intensities of the (111) the theoretically calculated intensities, the intensity modifying parameters for the monoclinic ␣-Bi 2 O 3 and Bi 2 O 2 CO 3 , P m and P BOC , were found to be 0.67 and 0.5, respectively.
Consequently, the c was estimated from the integrated intensities of XRD traces as follows:
where I(hkl) m and I(hkl) BOC Consequently, the volume fraction for all phases observed in the water-reacted samples were estimated and are shown in the Table I . The fraction of cubic phase changed from 27.3%, 12.9%, 9.0%, to 8.8% after the sample was reacted with water for 0 h, 50 h, 100 h, and 150 h. The fraction of rhombohedral phase also decreased substantially from 72.7% to 18.0% after the sample was reacted with water for 150 h. Both the fraction of ␣-Bi 2 O 3 and Bi 2 O 2 CO 3 increased after water reaction. This result suggested that ␣-Bi 2 O 3 was the original product and subsequently reacted with the dissolved CO 2 to form Bi 2 O 2 CO 3 as the reaction proceeded. To determine whether or not the metal ions were dissolved in the water, the filtered water was analyzed by ICP-MS. It was found that the concentrations of Bi and Y in the water were 16 ppm and 0.25 ppm, respectively. It is clear that (Y 0.25 Bi 0.75 ) 2 O 3 and the water-reacted products were essentially insoluble in water.
To consider a prolonged reaction, some reacted powder remained immersed in the water at room temperature for 180 days. Consequently, the reacted powder was found to further separate into two layers. The bottom layer exhibits yellow color. The whitish layer is on the top. Several grams of powder were carefully taken from both layers and examined by XRD. In Fig. 4(a) , the upper-layer powder exhibits a tetragonal structure that was found to be consistent with that of Bi 2 O 2 CO 3 . 17 The powder in the bottom layer still consists in cubic (Y 0.25 Bi 0.75 ) 2 Figure 5 shows the TEM micrograph taken from the water-reacted powder. Two types of nanosized microcrystals with needle or rectangular shape were observed. The selected area electron diffraction was conducted on two different crystals, A and B, as shown in Fig. 6(a) . The selected area diffraction patterns obtained from the rectangular crystal A are shown in Figs. 6(b) and 6(c). These diffraction patterns are representative of a tetragonal Bi 2 O 2 CO 3 along 〈101〉 and 〈001〉 zone axes, respectively. For the needle-shaped crystal B, a clear diffraction pattern representing a hexagonal lattice shown in Fig. 6(d) was obtained after the crystal was exposed under the electron beam for an extended period of time. This hexagonal lattice is consistent with that of Y(OH) 3 . 18 The EDS analysis conducted on this needleshaped crystal is shown in Fig. 7 . The result also confirmed that these crystals are mainly composed of yttrium and oxygen. Under the bombardment of electron beam, the intensity of diffraction spots increased with the exposure time. Thus, the reaction product may contain amorphous hydrated Y(OH) 3 that originally formed after the (Y 0.25 Bi 0.75 ) 2 O 3 was immersed in water for more than 180 days. Subsequently, the crystallization of Y(OH) 3 was enhanced by the bombardment of electron beam.
C. TEM analysis
D. Thermal analysis
To investigate the properties of the reaction products, DTA/thermogravimetry (TG) analyses were also conducted on the water-reacted (Y 0.25 Bi 0.75 ) 2 O 3 powder. In Figs. 8(a) and 8(b) , the DTA/TG results show two endothermic reactions. To determine the phases formed Fig. 6(a) .
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Effect of water/water vapor on microstructure and phase stability of (Y 0.25 Bi 0.75 ) 2 O 3 solid electrolytes accompanying these reactions, the reacted and heated powders were also examined using XRD. Figure 9 (a) shows XRD trace of reacted powders that were heated at 300°C for 2 h. Although the intensities of reflections were weak due to the low-temperature heating and slow crystallization, the XRD shows the presence of YOOH and Bi 2 OCO 3 . After the reacted powder was further heated to 500°C for 2 h, the trace of XRD in Fig. 9(b) shows the reflection of cubic Y 2 O 3 -Bi 2 O 3 solid solution and Y 2 O 3 . The presence of Y 2 O 3 was caused by the decomposition of YOOH. However, the formation of cubic solid solution indicates that some Bi-containing com pounds were able to react with nanosized YOOH at 500°C.
These results are consistent with the decomposition of yttrium hydroxide as reported by Sato et al. 19 Therefore, the first endothermic peak at 300°C results from the dehydration of Y(OH) 3 ). Therefore, the reacted powder mixture easily separated into two distinguishable layers with the Bi 2 O 2 CO 3 -enriched layer on the top as described in the previous section.
F. Microstructural examination
The microstructural evolution associated with the water reaction of sintered (Y 0.25 Bi 0.75 ) 2 O 3 disks was also examined by SEM. The experiment was conducted on sintered rhombohedral (Y 0.25 Bi 0.75 ) 2 O 3 disk that had been transformed from the cubic phase at 600°C. Firstly, half of the sample surface was covered by an insulation tape to prevent direct contact with water. The other half of the surface was exposed to water at 50°C for 150 h. Consequently, the area that was covered by the tape did not show any changes as seen from Fig. 10 . However, the area exposed to water was severely degraded. Peeling and swelling from the reacted surface were observed. The micalike fracture surface indicates that the layered structure of rhombohedral phase was completely disintegrated because a large volume change was accompanied with the water reaction. The volume change was found to be the main cause for surface degradation.
The molar volumes for cubic and rhombodedral (Y 0.25 Bi 0.75 ) 2 2 O 3 . The surface on the left-hand side was covered with insulation tape to prevent contact with water; the surface on the right-hand side was exposed to water at 50°C for 150 h and severe degradation on the surface was observed. 
